IMPORTANCE Age-related macular degeneration (AMD) is the leading cause of irreversible visual impairment and blindness in the United States if subretinal neovascularization is left untreated. Knowledge of the association between AMD and survival is informative for underlying mechanisms of AMD. OBJECTIVE To examine the association between AMD and risk of all-cause and specific-cause mortality in a representative US sample. DESIGN, SETTING, AND PARTICIPANTS This population-based prospective cohort study included 5603 participants 40 years or older who responded to the National Health and Nutrition Examination Survey (NHANES) in the 2005-2008 phase. Retinal photographs were graded as early, late, or no AMD. All analyses accounted for the complex and stratified design of NHANES with weighted data. Risks of all-cause mortality were assessed with Cox proportional hazards regression models; risks of specific-cause mortality, with Fine and Gray competing risks regression models. Time to death was counted from baseline to date of death or December 31, 2011, whichever came first. Data analysis was conducted from April 1 through 30, 2018. EXPOSURES Age-related macular degeneration status as determined by digital fundus images. MAIN OUTCOMES AND MEASURES Mortality resulting from all causes and specific causes until December 31, 2011. RESULTS Among the 5603 participants (52.6% female [n = 2793] and 77.1% white [n = 3017]; mean [SE] age, 56.4 [0.4] years)
A ge-related macular degeneration (AMD) is the leading cause of irreversible visual impairment and blindness in the United States if subretinal neovascularization is left untreated. 1 The estimated annual direct health care expenditure due to AMD in the United States is more than $4.6 billion. 2 The global incidence of AMD is projected to increase, with an estimated 196 million patients with AMD by 2020. 3 Despite the heavy burden of AMD, mechanisms underlying AMD remain poorly understood. Previous epidemiologic studies have identified some consistent risk factors (smoking) and systemic comorbidities, including cardiovascular disease (CVD) 4-11 ; however, results relating to the association between AMD and survival are conflicting. [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] Speculation has suggested that these inconsistent results arise from inadequate adjustment of important confounding factors, for example AMD-associated systemic comorbidities (CVD) that may lead to poorer survival. 26 Moreover, most previous studies 27 might overestimate the absolute risk of CVD mortality by failing to account for a competing risk of death. Given the current concern that injection of anti-vascular endothelial growth factor (anti-VEGF) may lead to increased risks of thromboembolic events, 28,29 knowledge of the accurate influence of AMD on mortality risk, especially CVD mortality, is warranted.
The National Health and Nutrition Examination Survey (NHANES) is an ongoing population-based study. This nationally representative sample of the noninstitutionalized US population provides an opportunity to investigate the association between AMD and all-cause and specific-cause mortality in the context of comprehensive demographic, health-related behaviors and comorbidities.
Methods

Sample and Population
Led by the National Center for Health Statistics of the Centers for Disease Control and Prevention, Hyattsville, Maryland, the NHANES adopts stratified multistage sampling methods. Details of the sampling and testing methods have been described in detail elsewhere. 30 Briefly, participants undergo comprehensive health-related interviews and examinations every 2 years. The NHANES purposely oversamples participants older than 60 years and Hispanic and African American individuals. In adherence to the tenets of the Declaration of Helsinki, NHANES protocols were approved by the National Center for Health Statistics research ethics review board, and participants provided written informed consent.
Retinal Photography and AMD Grading
During the 2005-2008 phase of NHANES, retinal images were collected among participants 40 years or older. An ophthalmic digital imaging system (CR6-45NM; Canon USA, Inc) and digital camera (EOS 10D; Canon USA, Inc) were used to capture retinal images. All fundus images were graded at the University of Wisconsin, Madison, according to the modified Wisconsin Age-Related Maculopathy Grading Classification Scheme. 31, 32 All images were graded by at least 2 experienced graders, with any disagreements adjudicated by a third senior grader. Early AMD was defined as signs of drusen with a grid area greater than a 500-μm circle and/or pigmentary abnormalities, whereas the presence of exudative or geographic atrophy signs was defined as late AMD. If retinal images were available for both eyes, the eye with the more severe status was used in the analysis.
Mortality Data
Mortality data were derived from the 2015 public-access linked mortality archives. Mortality data were matched with files from the National Death Index via a probabilistic matching algorithm. 33 A unique study identifier of the NHANES was used to link to the mortality data. All NHANES participants 18 years or older were available for mortality follow-up. Specific cause of death attributable to CVD was determined by codes I00 to I09, I11, I13, and I20 to I51 (diseases of heart) and I60 to I69 (cerebrovascular diseases) from the International Statistical Classification of Diseases and Related Health Problems, Tenth Revision (ICD-10). Cancer mortality was defined by deaths based on ICD-10 codes C00 to C97. Those deaths not classified as CVD or cancer related were considered deaths due to other causes. Participants not matched with death certificates were considered alive. Time to death was counted from baseline to date of death or December 31, 2011, whichever came first.
Covariates
A broad array of information regarding demographic factors and health-related behaviors and characteristics was assessed through in-person interviews and examinations. Specifically, age was categorized by 10-year age groups as 40 to 49, 50 to 59, 60 to 69, 70 to 79, and 80 years or older. Race/ethnicity was categorized as non-Hispanic white, non-Hispanic black, Mexican American, or other. Educational attainment was dichotomized as less than a high school diploma and a high school diploma or more. Marital status (unmarried or other vs married or living with a partner) was analyzed as a 2-level categorical variable. The indicator for family income (poverty income ratio) was classified as below poverty line (<1.00) or at or above poverty line (≥1.00). Smoking status was categorized as never, former, or current. Alcohol consumption was determined from participant interviews and divided as lifetime abstainer or former drinker, current drinker consuming no more than 3 drinks per week, and current drinker consuming more than 3 drinks per week.
Body mass index was calculated as weight in kilograms divided by height in meters squared and categorized as underweight (<18.5), normal to overweight (18.5-30.0), or obese (≥30.0). Diabetes was defined as self-reported physician diagnosis, use of diabetic tablets or insulin, or a glycosylated hemoglobin level of 6.5% or greater (to convert to a fraction of the total, multiply by 0.01). The presence of hypertension was characterized by self-reported history of hypertension, use of antihypertensive agents, or a systolic blood pressure of 140 mm Hg or higher and/or a diastolic blood pressure of 90 mm Hg or higher based on the mean value of 3 measurements. The presence of dyslipidemia was defined as a total cholesterol level of at least 240 mg/dL (to convert to millimoles per liter, multiply by 0.0259) or the use of a prescribed agent to lower cholesterol levels. As an indicator of vascular risk, the ratio of low-density to highdensity lipoprotein cholesterol levels was calculated. A high level of C-reactive protein was defined as at least 1 mg/dL (to convert to nanomoles per liter, multiply by 9.524). A score of 10 or greater on the 9-item Patient Health Questionnaire (range, 0-27) was characterized as having depressive symptoms. 34 The history of comorbid age-related ocular diseases, including cataract, glaucoma, and retinopathy, was based on the questionnaire and/or retinal images in accordance with previous studies. [35] [36] [37] Walking disability was defined by self-report of difficult walking or need of special equipment for walking. Self-rated health status was dichotomized as poor to fair or good to excellent. Comorbid medical conditions included self-reported physician diagnosis of congestive heart failure, coronary heart disease, angina, heart attack, stroke, and cancer.
Statistical Analysis
Data were analyzed from April 1 through 30, 2018. We combined the 2005-2006 and 2007-2008 phases of NHANES. All analysis accounted for the complex and stratified design based on NHANES analytic and reporting guidelines. Baseline characteristics of study participants, including age, sex, race/ ethnicity, educational attainment, marital status, family income, smoking status, alcohol consumption, diabetes, hypertension, high cholesterol level, ratio of low-density to high-density lipoprotein cholesterol levels, body mass index, high C-reactive protein level, depressive symptoms, comorbid ocular diseases, walking disability, self-rated health, and history of congestive heart failure, coronary heart disease, angina, heart attack, stroke, or cancer were reported using means and SEs for continuous variables and numbers and weighted percentages for categorical variables.
We used the unpaired t test for the comparison of continuous variables and design-adjusted Rao-Scott Pearson χ 2 test for the comparison of categorical data to compare the mortality characteristics by AMD status. Plots of survival curves of participants with early, late, and no AMD were gen-erated using Kaplan-Meier estimates. Age-and sex-adjusted Cox proportional hazards regression models were used to estimate hazard ratios (HRs) and 95% CIs for mortality to determine baseline characteristics significantly associated with the end point. Covariates significantly associated with mortality and AMD status were added to final Cox proportional hazards regression models calculating HRs and population-attributable risk of AMD for mortality. Specificcause mortality risk was estimated after multiple adjustments using the Fine and Gray competing risks regression model. 38 Mortality resulting from other causes was treated as a competing risk. 38 To address the nonresponse issue, we used inverse probability weighting to correct the estimates in the sensitivity analyses. 39 We also conducted sensitivity analyses adjusted for age and age squared in final models to evaluate the nonlinear association of age with mortality. Interactions between covariates were tested, and no evidence of interaction was found (P > .05). The proportional hazards assumption for each variable was tested by graphically inspecting or by checking their interaction with follow-up time. No evidence suggested that any of these variables violated the assumption (P > .05). The variance inflation factors procedure was used to test collinearity for all variables, and all covariables' variance inflation factors were less than 2.00 (mean [SE], 1.29 [0.04]). All data analysis was performed using Stata software (version 14.0; StataCorp). Two-sided P < .05 was considered significant for statistical inferences.
Results
Of the total 20 497 participants in 2005-2008 NHANES surveys, 6797 were 40 years or older. Of these, 1194 were excluded owing to missing retinal images (969 participants), ungradable images (224 participants), and missing mortality data (1 participant 
All-Cause Mortality
Among the 5603 participants included in the current analysis, AMD was present at the baseline examination in 441 par-ticipants (6.6%), of whom 386 (5.8%) had early and 55 (0.8%) had late AMD. After a median follow-up of 4.5 years (interquartile range, 3.6-5.6 years), 433 participants (5.3%) died of The association of baseline covariates with all-cause mortality is shown in Table 3 . After adjustments for age and sex, the HRs increased exponentially for each decade of age. Men had an increased risk of mortality due to all causes (HR, 1.53; 95% CI, 1.20-1.96; P = .001). Age-and sex-adjusted Cox proportional hazards regression models showed covariates including race/ethnicity (HR, 1.67; 95% CI, 1.25-2.22), educational attainment (HR, 0.61; 95% CI, 0.46-0.81), marital status (HR, 0.51; 95% CI, 0.41-0.64), family income (HR, 0.43; 95% CI, 0.30-0.62), smoking status (HR for former smokers, 1.63 [95% CI, 1.12-2.36]; HR for current smoking, 3.54 [95% CI, 2.57-4.87]), alcohol consumption (HR, 0.51; 95% CI, 0.38-0.70), diabetes (HR, 2.25; 95% CI, 1.52-3.31), dyslipidemia (HR, 0.72; 95% CI, 0.58-0.91), body mass index (HR, 3.29; 95% CI, 1.61-6.75), C-reactive protein level (HR, 2.62; 95% CI, 1.64-4.20), depressive symptoms (HR, 2.16; 95% CI, 1.37-3.42), comorbid ocular diseases (HR, 2.01; 95% CI, 1.49-2.72), self-rated health status (HR, 0.36; 95% CI, 0.28-0.47), walking disability (HR, 2.99; 95% CI, 2.36-3.78), and self-reported history of CVD (eg, HR for stroke, 2.63; 95% CI, 1.98-3.50) or cancer (HR, 1.50; 95% CI, 1.13-2.01) were significantly associated with an increased risk of all-cause mortality. After controlling for variables significantly associated with mortality and AMD status, the multivariate Cox regression model ( Table 4 ) indicated that poorer survival was associated with late AMD at baseline when com-pared with participants without AMD (HR, 2.01; 95% CI, 1.00-4.03; P = .049). The stratum-specific HRs increased exponentially for each decade of age, ranging from 2.59 (95% CI, 1.36-4.94) for the group aged 40 to 49 years and 19.4 (95% CI, 9.18-41.0) for the group 80 years or older. However, participants with early AMD (HR, 0.79; 95% CI, 0.57-1.11; P = .17) or any AMD (HR, 1.00; 95% CI, 0.75-1.33; P = .97) at baseline were not at greater risk of all-cause mortality compared with participants without AMD. The population-attributable risk ranged from −1.23% (95% CI, −2.56% to 0.63%) for early AMD to 0.80% (95% CI, 0.00%-2.37%) for late AMD (Table 4) 
Cause-Specific Mortality
Among the 433 participants who died of all causes, 117 deaths (25.6%) were CVD specific, 105 (25.2%) were cancer specific, and 211 (49.2%) were not specific to CVD or cancer. The presence of any, early, or late AMD was associated with significantly higher mortality rates for each specific cause (Table 2) . Competing risk regression models for causespecific mortality showed that late AMD was associated with a more than 3-fold higher risk of mortality not due to CVD or cancer (HR, 3.42; 95% CI, 1.38-8.49; P = .01) after multiple adjustments. However, we identified no association of any AMD or early AMD with specific-cause mortality after multivariate adjustments. The population-attributable risk results of these risk factors are listed in Table 4 .
Sensitivity Analyses
The sensitivity analyses used inverse probability weighting to correct the estimates for nonresponse, which yielded results similar to those reported in the main analysis (eTable 2 in the Supplement). We also observed results comparable to those of the main analysis when squared age was included in the final model (eTable 3 in the Supplement). 
Discussion
In this nationally representative sample consisting of 5603 US adults 40 years or older, we report that only late AMD was associated with increased risks of all-cause mortality and mortality not specific to CVD or cancer. The presence of any AMD and early AMD were not associated with all-cause or specificcause mortality.
The findings from previous population-based studies 12-25,40,41 on associations between AMD and mortality are summarized in eTable 4 in the Supplement. Our finding that the presence of late AMD was associated with an increased risk of all-cause mortality is in line with the Age-Related Eye Disease Study (AREDS), 14 AREDS2, 15 and Beaver Dam Eye Study. 16, 20 Other population-based studies 12,13,17-19 have reported significant associations between any and mild AMD and all-cause mortality in subpopulations only. In contrast, the Singapore Malay Eye study, 22 Beijing Eye study, 24 Rotterdam study, 21 Melbourne Visual Impairment Project cohort, 25 Andhra Pradesh Eye Disease study, 40 a UK study, 23 and the Atherosclerosis Risk in Communities Study 41 did not report a significant association between AMD and survival. The differences in definitions and numbers of confounders, the assessment and grading system of AMD, the length of the follow-up period, and the number of deaths may explain varied results from these studies.
In the analysis of cause-specific mortality, our results support those of a recent meta-analysis of 5 population-based studies 26 that suggest that AMD is not associated with CVD mortality. However, our findings were challenged by 2 recent meta-analyses 42,43 that concluded that AMD, specifically late AMD, was associated with an increased risk of CVD mortality. The inconsistent nature of these results may be attributable to a range of factors. Given that atherothrombotic events and mortality have been associated with the use of anti-VEGF agents in patients with late AMD, 27,28 undocumented use of anti-VEGF therapies may overestimate poor survival resulting from CVD in patients with AMD. In addition, when estimating the specific mortality in a geriatric population with comorbidities associated with poorer survival, the use of Cox proportional hazards regression models in previous studies might lead to overestimation in the absolute risk of the specific mortality by not considering the competing risks of death. 38 We used the competing risk models to deal with this methodologic issue. Last, some previous studies were subject to insufficient adjustment for important confounders, such as smoking 44 and a history of CVD events, 14 that could explain the significant association between AMD and CVD mortality.
Our association between late AMD and mortality not specific to CVD or cancer is in agreement with several previous studies, 15,45 but not others. 12 The reasons underlying the association of AMD with increased risk of mortality not due to CVD or cancer are still unclear. However, growing evidence supports the association between AMD and neurodegenerative diseases (eg, Alzheimer disease), 46 which increased the risk of mortality. 47 The limited number of deaths due to Alzheimer disease in our analysis could not explore this hypothesis. In addition, it has been speculated that visual impairment and blindness due to AMD may lead to functional and psychological problems, such as falls, 48,49 fractures, 50,51 unintentional injuries, 52 and a loss of independence. 53-55 These problems may contribute to the higher risk of mortality not due to CVD or cancer when compared with unaffected individuals. However, this hypothesis has been challenged by previous analyses. 14, 15 We did not have sufficient unintentional injury-related mortality to examine this hypothesis. We found no statistically significant differences in depression symptoms between the groups with any AMD and no AMD. Although depression symptoms were associated with higher risk of mortality in the age-and sex-adjusted model, it did not remain significant after multiple adjustments. Further studies are needed to elucidate these associations.
Another explanation elucidating the poor survival among individuals with late AMD is that the AMD reflects systemic comorbidities associated with frailty and aging. This explanation is supported by results from the present study and previous studies. 7,14,26, 56 Common pathogenesis, such as chronic inflammation, atherosclerosis, oxidative stress, and lipid metabolism might be the main mechanism between AMD and systemic comorbidities. [56] [57] [58] The implications of these findings suggest that AMD is a biomarker of frailty and aging. 59, 60 Alternatively, this association between AMD and mortality may be attributable to unmeasured or inadequately assessed confounding factors for AMD. Age is the most important risk factor for AMD and mortality. Inclusion of age assessed as a continuous or a categorical variable or additional inclusion of age squared in the final model did not affect the association between late AMD and mortality. Second to age, smoking is an established risk factor for AMD. 4 In the models adjusted for multiple covariates, AMD remained significantly associated with mortality. In addition, interaction terms of AMD with age or smoking status were not significantly associated with mortality, suggesting no difference in the AMD-mortality association in these subgroups. Extensive evidence supported increased risks of mortality among participants with other age-related ocular diseases. [61] [62] [63] To elaborate on the real nature of the AMD-mortality association, we also adjusted for comorbid ocular diseases in the final model, which did not affect the AMD-mortality association.
Strengths and Limitations
Strengths of these analyses include the large sample size of an elderly cohort, standardized objective methods for assessing AMD, availability of comprehensive demographic characteristics, health indicators, comorbidities, and complete death records. The study was limited by the following points. First, health behavior and comorbidities were collected at a single time point, and study participants' behavior and comorbidity status might change during follow-up. Second, although we adjusted for a comprehensive range of confounding factors, we cannot rule out residual confounding, such as anti-VEGF therapies. Finally, participants excluded in the present analysis were older and unhealthier, which might have influenced results. Nevertheless, the inverse probability weighting model to correct the estimates for nonresponse yielded similar results, again verifying the robustness of our conclusions.
Conclusions
Our findings suggest that in a large sample of elderly participants residing in the United States, only late AMD was asso-ciated with an increased risk of all-cause morality and mortality not related to CVD or cancer. The reasons for the association of late AMD with decreased survival have yet to be confirmed; however, our results suggest that AMD may reflect some systemic pathologic comorbidities indicative of frailty and aging. Alternatively, this association may be due to unmeasured or inadequately assessed confounding factors for late AMD. Further studies are needed to confirm these findings and elucidate the possible mechanisms underlying AMD. GA, geographic atrophy.
